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VH-DJH recombination of the immunoglobulin heavy
chain (Igh) locus is temporally and spatially con-
trolled during early B cell development, and yet no
regulatory elements other than the VH gene pro-
moters have been identified throughout the entire
VH gene cluster. Here, we discovered regulatory
sequences that are interspersed in the distal VH
gene region. These conserved repeat elements
were characterized by the presence of Pax5 tran-
scription factor-dependent active chromatin by
binding of the regulators Pax5, E2A, CTCF, and
Rad21, as well as by Pax5-dependent antisense
transcription in pro-B cells. The Pax5-activated inter-
genic repeat (PAIR) elements were no longer bound
by Pax5 in pre-B and B cells consistent with the
loss of antisense transcription, whereas E2A and
CTCF interacted with PAIR elements throughout
early B cell development. The pro-B cell-specific
and Pax5-dependent activity of the PAIR elements
suggests that they are involved in the regulation of
distal VH-DJH recombination at the Igh locus.
INTRODUCTION
The diverse antigen receptor repertoire of B lymphocytes is
generated by V(D)J recombination, which assembles the vari-
able regions of immunoglobulin (Ig) genes from discontinuous
variable (V), diversity (D), and joining (J) gene segments during
B cell development (Perlot and Alt, 2008). The recombination
of Ig genes is tightly controlled within the B lymphoid lineage,
given that the Ig heavy-chain (Igh) locus undergoes rearrange-
ments in pro-B cells prior to recombination of the Ig light-chain
genes Igk and Igl in small pre-B cells. Moreover, DH-JH rear-
rangements precede VH-DJH recombination at the Igh locus,
whereas the Igk gene usually rearranges before the Igl gene
(Perlot and Alt, 2008). The observed temporal order of V(D)J
recombination is largely determined by the accessibility of thedifferent Ig loci and their gene segments to the V(D)J recombi-
nase, which is controlled by multiple epigenetic mechanisms
(Perlot and Alt, 2008).
The Igh locus contains a large cluster of 195 VH genes, which
are spread over a 2.44 Mb region and can be divided into 16 VH
gene families on the basis of sequence similarities (Johnston
et al., 2006). The largest VH gene family consisting of 89
VHJ558 genes is located in the distal 5
0 region relative to the
proximal DH segments of the Igh locus (Johnston et al.,
2006). VH-DJH recombination at the Igh locus is regulated at
several levels during pro-B cell development. In non-B cells
and early lymphoid progenitors, the two Igh alleles are present
in heterochromatic regions at the nuclear periphery and are
only relocated to central euchromatic domains during pro-B
cell development when VH-DJH recombination takes place
(Fuxa et al., 2004; Kosak et al., 2002). Moreover, antisense
transcription at the VHJ558 genes is detected only in pro-B
cells, suggesting that it may remodel the chromatin of the VH
gene region to facilitate VH-DJH recombination (Bolland et al.,
2004). In addition, both Igh alleles are known to undergo
homologous pairing in pro-B cells, which initiates allelic exclu-
sion by ensuring that VH-DJH recombination takes place only
on one of the two Igh alleles at the same time (Hewitt et al.,
2009).
The Igh locus also undergoes contraction by looping in pro-B
cells, which juxtaposes distal VH genes next to proximal DH
segments to facilitate VH-DJH rearrangements (Fuxa et al.,
2004; Jhunjhunwala et al., 2008; Kosak et al., 2002; Rolda´n
et al., 2005; Sayegh et al., 2005). Importantly, the Igh locus
undergoes decontraction at the next developmental stage,
which physically separates VH genes from the proximal Igh
domain, thus preventing VH-DJH rearrangement of the second,
DJH-rearranged Igh allele in pre-B cells (Rolda´n et al., 2005).
The pro-B cell-specific contraction of the Igh locus critically
depends on the B cell commitment factor Pax5 (Fuxa et al.,
2004) and the ubiquitous transcription factor YY1 (Liu et al.,
2007), consistent with the loss of distal VH-DJH recombination
in the absence of these factors (Nutt et al., 1997). Another poten-
tial regulator is the CCCTC-binding factor (CTCF), which has
been implicated in long-range chromatin looping at several
complex loci (Hadjur et al., 2009; Kurukuti et al., 2006; Majumder
et al., 2008; Sekimata et al., 2009; Splinter et al., 2006). CohesinImmunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc. 175
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Distal Regulatory Elements of the Igh Locusis not only associated with most CTCF-binding sites in the
mammalian genome (Parelho et al., 2008; Wendt et al., 2008),
but also mediates CTCF-dependent chromatin looping at
different gene loci (Hadjur et al., 2009; Nativio et al., 2009).
Multiple CTCF- and cohesin-binding sites were recently identi-
fied along the Igh locus (Degner et al., 2009), although evidence
for a role of CTCF and cohesin in controlling long-range Igh inter-
actions is currently lacking.
Apart from VH gene promoters, no regulatory elements that
may be involved in the different processes described above
have been identified in the entire VH gene cluster of the Igh locus.
Because regulatory elements are usually embedded in active
chromatin, we have recently performed ChIP-chip analyses to
map active histone modifications along the Igh locus in Rag2/
pro-B cells (Malin et al., 2010). High enrichment of active histone
marks was found at the intronic Em enhancer and JH elements
(Chakraborty et al., 2007; Malin et al., 2010). However contrary
to published reports (Chowdhury and Sen, 2001; Johnson
et al., 2003), we detected little or no active chromatin at most
VH genes with the notable exception of the VH3609 genes, which
are interspersed among the VHJ558 genes in the distal Igh region
(Malin et al., 2010). Here, we focused our efforts on the identifi-
cation of regulatory elements by mapping active chromatin at
intergenic regions of the Igh locus. Notably, we found Pax5-
dependent active chromatin at conserved repeat elements,
which are located immediately upstream of the VH3609 genes
in the distal region of the Igh locus. Detailed characterization of
these Pax5-activated intergenic repeat (PAIR) sequences identi-
fied them as regulatory elements in the distal VH gene cluster,
which are likely involved in the regulation of distal VH-DJH recom-
bination at the Igh locus.
RESULTS
Intergenic Elements with Active Chromatin in Central
and Proximal Igh Regions
To identify regulatory elements in the Igh locus, we mapped
active histone modifications along the Igh locus by chromatin
immunoprecipitation (ChIP) plus microarray analysis (ChIP-
chip) by using antibodies that recognize acetylated lysine 9
(H3K9ac), dimethylated lysine 4 (H3K4me2), or trimethylated
lysine 4 (H3K4me3) on histone H3 (Figure 1 and Figure S1).
Furthermore, we mapped binding sites of the transcription
factors Pax5 and CTCF by using corresponding ChIP-grade
antibodies. For antibody-independent precipitation of Pax5, we
generated a knock-inmouse carrying a biotin acceptor sequence
at the C terminus of Pax5, which can be biotinylated in vivo by
coexpression of the Escherichia coli biotin ligase BirA (de Boer
et al., 2003). We additionally inserted an IRES-BirA expression
cassette in the 30 untranslated region of the Pax5Bio allele, which
expresses the tagged Pax5 protein as well as its modifying
enzyme (data not shown). Taking advantage of the high-affinity
biotin-streptavidin interaction, we performed streptavidin-medi-
ated chromatin precipitation of Pax5Bio/Bio pro-B cells in combi-
nation with DNA microarray analysis (referred to as Bio-ChIP-
chip). For ChIP profiling, we took advantage of a custom-made
DNA microarray that contained the nonrepetitive genomic
sequences of the entire Igh locus and selected B cell-specific
genes at 100 base pair resolution. Moreover, we used Pax5+/+,176 Immunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc.Pax5Bio/Bio, and Pax5/ pro-B cells on a Rag2-deficient back-
ground, which were isolated from the bone marrow and
expanded for only 4–5 days in the presence of IL-7 andOP9 cells
prior to analysis.
ChIP-chip analysis of Pax5+/+ pro-B cells identified nine inter-
genic regions in the central and proximal regions of the Igh locus,
which carried the active chromatinmarks H3K9ac andH3K4me2
(Figures S1C–S1H; data not shown). The third active chromatin
mark, H3K4me3, which is indicative of active promoters (Heintz-
man et al., 2007), was strongly enriched only in the intergenic
region between the VHVH12.1.78 and VHJ606.1.79 genes
(Figure S1E) and at the promoter of the Zfp386 gene near the
50 end of the Igh locus (Pawlitzky et al., 2006) (Figure S1B).
Antibody- and Bio-ChIP-chip mapping demonstrated that
Pax5 interacted with eight of the nine intergenic regions in the
central and proximal Igh domains (Figures S1C–S1H; data not
shown). Chromatin profiling of Pax5/ pro-B cells furthermore
revealed that the induction of active chromatin was dependent
on Pax5 function at six intergenic regions (Figures S1E–S1H;
data not shown). One of these regions coincides with the DNase
I hypersensitive (HS) site 4 (Figure S1H), which is a known
enhancer in the 30 regulatory region (30 RR) of the Igh locus (Gar-
rett et al., 2005; Pinaud et al., 2001). In summary, our ChIP-chip
analysis identified relatively few intergenic regions with active
chromatin in the central and proximal Igh regions.
Intergenic Regions with Active Chromatin in the Distal
VH Gene Cluster of the Igh Locus
The VH3609 genes are not only interspersed within the large
VHJ558 family (Johnston et al., 2006), but are also the only VH
genes in the distal Igh region that contain detectable active chro-
matin (H3K4me2, H3K9ac) in pro-B cells (Malin et al., 2010) (Fig-
ure 1 and Figures S1I–S1K). Interestingly, all three active histone
marks (H3K4me2, H3K4me3, and H3K9ac) were strongly en-
riched in a region, which was located immediately upstream of
the VH3609 genes (Figure 1 and Figures S1I–S1K). The pres-
ence of H3K4me3 suggests that these upstream elements func-
tion as active promoters (see below). Pax5-binding sites were
identified not only at the VH3609 genes but also at the upstream
regions carrying active chromatin (Figure 1 and Figures S1I–
S1K). Chromatin profiling of Pax5/ pro-B cells revealed that
the formation of active chromatin at VH3609 genes was Pax5
independent (Figure 1 and Figures S1I–S1K). In contrast,
Pax5/ pro-B cells contained no or only low amounts of
active chromatin at the VH3609-associated upstream elements
(Figure 1 and Figures S1I–S1K). Moreover, CTCF interacted
with all upstream elements in a Pax5-independent manner (Fig-
ure 1 and Figures S1I–S1K). In conclusion, these data identified
a VH3609-associated element, which is characterized by the
presence of Pax5- and CTCF-binding sites as well as by Pax5-
dependent active chromatin in pro-B cells.
Sequence Conservation of the PAIR Elements
The VH3609-associated upstream elements mapped to a con-
served repeat sequence (Figure S2A), which is present in 14
copies in the distal region of the Igh locus (Figure 2), but could
not be found elsewhere in the mouse genome. Because these
elements depend on Pax5 for the induction of active chromatin
in pro-B cells (Figure 1 and Figures S1I–S1K), we refer to them
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Figure 1. Active Chromatin Regions in the Distal VH Gene Cluster of the Igh Locus
(A) Schematic diagram of the Igh locus indicating the positions of three PAIR elements (indicated by arrows) together with the location of VH, DH, JH and CH gene
segments and the Em enhancer. Different colors indicate members of distinct VH gene families, of which the VHJ558 (black) and VH3609 (pink) genes are most
relevant for this study.
(B–D) ChIP-chip mapping of histone marks (H3K9ac, H3K4me2, H3K4me3) and transcription factor-binding sites for Pax5 and CTCF at VH3609 genes and PAIR
elements. Short-term cultured Pax5+/+ (+/+) and Pax5/ (–/–) pro-B cells on a Rag2-deficient background were used for ChIP-chip analysis with antibodies
recognizing Pax5, CTCF, and the indicated histonemodifications. Pax5-binding siteswere additionally identified byBio-ChIP-chip analysis ofPax5Bio/BioRag2/
pro-B cells. The ChIP-chip results obtained with wild-type (Pax5+/+ and Pax5Bio/Bio) and Pax5mutant (Pax5/) pro-B cells are shown in black (+/+) and red (–/–)
colors, respectively. The logarithmic ratio (log2) of the hybridization intensities between precipitated and input DNA (bound/input) is shown as a vertical bar for
each oligonucleotide on themicroarray. Blue bars below the ChIP tracks identify significant Pax5 and CTCF peaks that reached values above the threshold of the
peak-finder analysis. Gray shading highlights Pax5-binding sites in active chromatin regions. The results shown are representative of twoChIP-chip experiments,
which were performed with independently prepared DNA probes from each pro-B cell type. The scale bar is shown in kilobases (kb). The mm8 sequence coor-
dinates for the displayed regions of the Igh locus on chromosome 12 are 116,520,000–113,662,000 (A); 115,925,500–115,914,500 (B); 115,861,000–115,850,000
(C); and 115,715,700–115,703,000 (D). Figures S1I–S1K show the ChIP-chip data for three additional PAIR elements.
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Distal Regulatory Elements of the Igh Locusas Pax5-activated intergenic repeats (PAIRs). Eleven of the 14
PAIRs are located upstream of VH3609 genes (Figure 2). On
the basis of sequence conservation, the PAIRs have an average
length of 470 bp and can be divided into four subfamilies, which
evolved together with their associated VH3609 genes (Figure S2).
As shown by ChIP-chip analysis, CTCF bound to all PAIRs,
whereas Pax5 binding was detected by peak-finder analysis at
seven PAIRs and seven VH3609 genes. The 85 CTCF-binding
sites identified in the Igh locus were quite evenly distributed in
the distal and proximal regions of the VH gene cluster (Figure 2).In contrast, 14 of the 26 identified Pax5-binding sites were
located in the distal third of the Igh locus containing the inter-
spersed VH3609 genes and PAIR elements, whereas seven sites
were identified in the central and proximal VH gene cluster and
four sites in the Igh 30 region (Figure 2).
In Vivo Binding of CTCF, E2A, andPax5 to PAIRElements
in Pro-B Cells
Although nonrepetitive oligonucleotides were selected for the
microarray design, the conservation of PAIR elements couldImmunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc. 177
Figure 2. Sequence Conservation of the PAIR Elements
A circular diagram of the mouse Igh locus indicates the positions of the VH, DH, JH, and CH gene segments, Em enhancer, Zfp386 gene, and 3
0 regulatory region
(30 RR). The same color code described in Figure 1A is used for indicatingmembers of the different VH gene families. The inner concentric tracks show the location
of all VH3609 genes (pink), the binding sites for Pax5 (purple), and CTCF (blue), as well as the 14 PAIRs (red). All pairwise segmental similarities with a minimal
length of 1500 bp and minimal identity of 75% are indicated as gray Be´zier curves in the center. The red curves denote the repeat elements containing the PAIR
sequences as shown and defined in Figure S2A.
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Distal Regulatory Elements of the Igh Locuspotentially lead to some cross-hybridization between these
repeat sequences. To rule out this possibility, we took advantage
of in vivo DMS footprinting as an alternative method for directly
localizing transcription factor-binding sites at individual PAIR
elements. To determine the footprint of an individual PAIR, we
designed a biotinylated oligonucleotide in such a way that it
could only hybridize to or prime DNA synthesis on closely related
sequences of the same PAIR subfamily. This primer was used for
second-strand synthesis of the DMS-modified and piperidine-
cleaved DNA followed by linker addition and purification of the
double-stranded DNA on streptavidin beads. The purified DNA
was then cleaved with up to five restriction enzymes to eliminate
all other related PAIR sequences prior to ligation-mediated PCR
amplification of the sequences of one specific PAIR element. In
this manner, a strong footprint was detected over a CTCF-
binding site of PAIR4 in Rag2/ and Pax5/ pro-B cells, but
not in bone marrow-derived macrophages (Figure 3). A weaker
footprint was observed at the corresponding CTCF-binding sites178 Immunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc.of PAIR6 and PAIR7 in both pro-B cell types (Figure 3). In addi-
tion, Rag2/ and Pax5/ pro-B cells, but not macrophages,
revealed a footprint at a putative E2A recognition sequence in
all three PAIR elements (Figure 3), consistent with the detection
of E2A binding to PAIR4 and PAIR7 in pro-B cells by ChIP anal-
ysis (data not shown). Finally, two G-residues were protected at
both ends of a putative Pax5-binding site only in Pax5-express-
ing Rag2/ pro-B cells, but not in Pax5/ progenitor cells and
macrophages (Figure 3). These data therefore demonstrate the
in vivo interaction of CTCF, E2A, and Pax5 with three distinct
PAIR elements at the onset of B cell development, during which
the binding of CTCF and E2A precedes that of Pax5.
Conservation of Transcription Factor-Binding Sites
among PAIR Elements
Sequence conservation revealed that 10 of the 14 PAIR elements
contain identical CTCF-binding sites with a strong homology
to the CTCF consensus recognition sequence (Figure 4A).
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Figure 3. In Vivo Binding of Pax5, E2A, and CTCF to PAIR Elements
(A) In vivo footprinting of PAIR elements 4, 6, and 7. DMS footprinting was performedwith bonemarrow-derivedmacrophages (MØ), in vitro-culturedRag2/ and
Pax5/ pro-B cells. DMS-modified and piperidine-cleaved DNAwas amplified by ligation-mediated PCR (LM-PCR) with PAIR-specific primers (Table S1). The G
sequencing ladder of purified DNA (G) served as a control. G-residues with DMS protection (open circles) or enhanced DMS reactivity (closed circles) are shown
to the right together with the extent of the binding sites for CTCF, E2A, and Pax5, which were mapped on the upper (CTCF and E2A) or lower (Pax5) strand,
respectively.
(B) Summary of the DMS footprint results. The protected G-residues are shown above the CTCF, E2A, and Pax5 recognition sequences (bold face) of PAIR
elements 4, 6, and 7.
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Distal Regulatory Elements of the Igh LocusLikewise, the E2A-binding sites of ten PAIR elements are
identical and match the consensus E2A-binding sequence (Fig-
ure 4A). To verify E2A binding to this motif, we used the E2A
recognition sequence of PAIR7 as a probe for electrophoretic
mobility shift assay (EMSA) with a pre-B cell nuclear extract (Fig-
ure 4B). This probe efficiently interacted with a protein that was
identified as E2A, given that its complex was supershifted with
an E2A antibody. Titration experiments with unlabeled compet-
itor oligonucleotides (Figure 4B) demonstrated that the E2A
recognition sequence of PAIR7 has a similarly high affinity as
the E2A-binding sites (mE5 and kE2) of the intronic Igh iEm andIgk iEk enhancers (Murre et al., 1989). However, the PAIR5
sequence was unable to compete for E2A binding, indicating
that E2A does not interact with the mutant sequences of PAIR5
and PAIR1 (Figure 4B). Nine PAIR elements contained
Pax5-binding sequences with a strong homology to the Pax5
consensus recognition sequence (Cobaleda et al., 2007). The
corresponding PAIR7 probe detected binding of a protein that
was identified as Pax5 because a Pax5 antibody abolished its
binding in a pro-B nuclear extract (Figure 4C). Titration with
unlabeled competitor DNA (Figure 4C) revealed that the site in
PAIR7 bound Pax5 with equally high affinity as the referenceImmunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc. 179
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Figure 4. CTCF, Pax5, and E2A Bind to Conserved PAIR Sequences
(A) Sequence conservation. Nucleotides of PAIR2 with homologies to the consensus sequence of CTCF (Cuddapah et al., 2009), Pax5 (Cobaleda et al., 2007), or
E2A (TRANSFAC Database) are indicated in red, and dots denote identical nucleotides in other PAIRs. An empty box indicates the absence of a G-residue in
PAIR6, and arrowheads denote the insertion of an A-residue in PAIR8 and PAIR13.
(B and C) High-affinity binding of E2A (B) and Pax5 (C) to PAIR elements. A double-stranded oligonucleotide containing the E2A or Pax5 recognition sequence of
PAIR7 was used as a probe for electrophoretic mobility shift assay (EMSA) with a nuclear extract of in vitro-cultured 70Z/3 pre-B cells (B) or wild-type pro-B cells
(C), respectively. The presence of an E2A antibody (Ab) resulted in a supershift of the E2A-DNA complex (mark by an asterisk), whereas the addition of a Pax5
antibody prevented Pax5 binding. Double-stranded oligonucleotides containing the E2A- and Pax5-binding sites of other PAIRs were analyzed at 10-, 30-, and
100-fold molar excess for competition of protein binding. The PAIR7M oligonucleotide contained a 3-bp substitution in the Pax5-binding site (A). Recognition
sequences of the human Cd19 promoter (Kozmik et al., 1992) or the mouse Igh Em (mE5) and Igk iEk (kE2) enhancers (Murre et al., 1989) served as reference
high-affinity binding sites for Pax5 and E2A, respectively. The E2A probe detected two non-specific (ns) proteins. All oligonucleotides used are listed in Table S2.
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Distal Regulatory Elements of the Igh LocusPax5-binding site of the human Cd19 promoter (Kozmik et al.,
1992). A single-nucleotide substitution found in the PAIR10
sequence impaired Pax5 binding, whereas the insertion of an
A-residue in the PAIR8 motif prevented Pax5 binding similar to
a 3 bp substitution in the mutant PAIR7M sequence (Figure 4C).
In summary, most PAIR sequences contain functional CTCF-,
E2A-, and Pax5-binding sites, whereas nucleotide substitutions
or insertions weaken or abolish protein binding in only a few of
these elements.
Pax5-Dependent Antisense Transcription from PAIR
Elements in Pro-B Cells
Consistent with the abundance of the promoter-specific histone
mark H3K4me3 at PAIR4 (Figure 1), the public database contains180 Immunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc.a RIKEN cDNA clone (CJ056205), which initiates 53 bp upstream
of the CTCF-binding site in PAIR4 and is transcribed in antisense
direction compared to the transcriptional orientation of the Igh
locus (Figure 5A and Figure S2A). The spliced cDNA transcript
CJ056205 consists of four exons that map to a 21 kb region
upstream of PAIR4 (Figure 5A). The presence of multiple stop
codons in all three reading frames identifies the CJ056205
transcript as a noncoding RNA. RT-PCR analysis demonstrated
that the spliced antisense transcript (CJ056205) originating from
PAIR4 was expressed and polyadenylated in Rag2/ pro-B
cells (Figure 5B). Rag2/ pro-B cells also transcribed spliced
antisense RNA from PAIR elements 6, 7, and 12 (Figure 5B).
Importantly, the expression of both spliced and unspliced tran-
scripts from all four PAIR elements was undetectable in
AB C
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Figure 5. Pax5-Dependent Expression of
Antisense RNA from PAIRs in Pro-B Cells
(A) Mapping of the RIKEN cDNA transcript
CJ056205 to Igh sequences upstream of PAIR4.
(B) Polyadenylation of the spliced antisense tran-
scripts originating from PAIR elements 4, 6, 7,
and 12. PolyA+ RNA was isolated from Rag2/
pro-B cells and analyzed by RT-PCR with primers
designed in exons 1 and 2 of the antisense RNA
transcribed from PAIR elements 4, 6, and 7 (Table
S3). Unspliced (u) and spliced (s) transcripts are
indicated. The reverse transcriptase (RT) was
omitted in the control reaction (–). Sequencing of
122 PCR products obtained with the PAIR7
primers demonstrated that the PCR fragments
amplified from the spliced antisense transcripts
originated from either PAIR7 (57%) or PAIR12
(43%).
(C) Developmental regulation and Pax5 depen-
dence of antisense RNA transcribed from the
PAIR elements 4, 6, 7, and 12. Total RNA was iso-
lated from short-term cultured Pax5/ Rag2/
and Rag2/ pro-B cells as well as from sorted
wild-type small pre-B cells (CD19+ CD25+c-
KitIgM) and immature B cells (CD19+IgM+
CD25c-Kit) of the bone marrow and DP T cells
(CD4+CD8+) of the thymus. The same PAIR-
specific primers were used for semiquantitative
RT-PCR analysis of 5-fold serially diluted cDNA
obtained from total RNA of the different cell types.
Hprt (encoding hypoxanthine guanine phosphori-
bosyl transferase) served as a loading control.
(D) Transient transfection assay. The luciferase
reporter genes (schematically shown to the right)
were transfected together with the control vector
pRL-CMV into the mouse pro-B cell line 38B9
(Alt et al., 1984). After 24 hr, luciferase activities were measured, normalized, and displayed relative to the activity of the parental vector Luc-S or XPG. Three
independent transfection experiments were used for determining the relative luciferase values and their standard deviations. Luc-S (Czerny and Busslinger,
1995) contains of a minimal b-globin promoter in contrast to the promoter-less luciferase construct XPG (Bert et al., 2000). An asterisk (P*) denotes mutation
of the Pax5-binding site (TGA to ACT; Figure 4A), and Ex1 refers to exon 1 of the antisense transcript.
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less than 1/25 in Pax5/ Rag2/ pro-B cells, wild-type pre-B
cells (CD19+CD25+c-KitIgM) and immature B cells (CD19+
IgM+CD25c-Kit) compared to Rag2/ pro-B cells of the
bone marrow (Figure 5C). These data therefore demonstrate
that the antisense transcription originating from all four PAIR
elements analyzed is Pax5 dependent and restricted to the
pro-B cell stage of B-lymphopoiesis.
Pro-B cells were previously shown to express antisense
transcripts at VHJ558 genes (Bolland et al., 2004). As shown in
Figure S3, these antisense transcripts originate from theproximal
VHJ558 gene region and were equally expressed in Pax5
/ and
Pax5+/+ pro-B cells as shown by RT-PCR analysis. Hence, these
antisense transcripts differ in location and Pax5 dependency
from the antisense transcripts originating from thePAIR elements
in the distal VHJ558 gene region (Figure S3).We next investigated
the transcriptional activity of PAIR4 andPAIR7 by transient trans-
fection assay in the pro-B cell line 38B9 (Alt et al., 1984). PAIR4
sequences containing the CTCF-, E2A-, and Pax5-binding sites,
which were inserted upstream of the minimal b-globin promoter
of Luc-S (Czerny and Busslinger, 1995), strongly stimulated
luciferase gene transcription in both orientations (Luc-CEP and
Luc-PEC; Figure 5D). Importantly, this transcriptional activitywas significantly reduced by mutation of the Pax5-binding site
(P*), indicating that the core element of PAIR4 can function as
a potent Pax5-dependent enhancer. The equivalent PAIR7
sequences, which additionally contained exon 1 of the antisense
transcript, were able to induce the activity of the promoter-less
luciferase gene XPG (Bert et al., 2000) only, if exon 1 was present
in the same orientation as the luciferase gene (XPG-PEC; Fig-
ure 5D). Hence, PAIR7 is able to function as a promoter consis-
tent with the initiation of antisense transcripts within this element.
In summary, these data identified the PAIRs as transcriptional
regulatory elements in transfected pro-B cells.
Loss of Pax5 Binding at PAIR Elements in Pre-B
and Mature B Cells
The Pax5-dependent and pro-B cell-restricted activity of the
PAIR elements 4, 6, and 7 prompted us to investigate by
in vivo footprinting whether the binding of CTCF, E2A, and
Pax5 to these PAIRs is altered at the next developmental stage
in sorted small pre-B cells (CD19+CD25+c-KitIgM) of the
bone marrow (Figure 6A). We detected reduced CTCF binding
to PAIR4 but similar binding to PAIR6 and PAIR7 in pre-B cells
(Figure 6A). Likewise, E2A was still bound at the PAIR elements
in pre-B cells in contrast to the absence of binding in thymocytesImmunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc. 181
AB
Figure 6. Loss of Pax5 Binding at PAIR
Elements in Small Pre-B and Mature B Cells
(A) In vivo footprinting of PAIR elements 4, 6, and 7.
DMS footprinting was performed with total thymo-
cytes (T), in vitro-cultured wild-type pro-B cells
and sorted bone marrow pre-B cells (CD19+
CD25+c-KitIgM), as described in the legends
of Figure 3. The G sequencing ladder of naked
DNA (G) served as a control. G-residues with
DMS protection (open circles) or enhanced reac-
tivity (closed circles) are shown to the right
together with the extent of the binding sites for
CTCF, E2A, and Pax5, which were mapped on
the upper strand (CTCF and E2A) or lower strand
(Pax5), respectively.
(B) Bio-ChIP analysis. Short-term cultured
Pax5Bio/Bio Rag2/ pro-B cells from the bone
marrow and MACS-sorted mature B cells (B220+)
from lymph nodes of Pax5Bio/Bio mice were used
for streptavidin-mediated Bio-ChIP analysis. Input
and precipitated DNA were quantified by real-time
PCR with primer pairs derived from PAIR4 or
PAIR7 (Figure S2A and Table S4), and the amount
of precipitated DNA is shown as percentage
relative to input DNA together with its standard
deviation as determined in two independent
experiments. The Pax5 target gene Blnk served
as a positive control. Mock refers to the use of
protein A-coupled Dynabeads instead of streptavi-
din beads for ChIP analysis. Cloning and
sequencing of 83 PCR fragments obtained with
the PAIR4 primers revealed the relative proportion
of PAIR4 (48%), PAIR6 (40%), PAIR11 (8.4%), and
other (3.6%) sequences in the PCR-amplified DNA
from Pax5Bio/Bio Rag2/ pro-B cells. Similarly,
sequencing of 81 PCR fragments obtained with
the PAIR7 primers determined the relative abun-
dance of PAIR2 (18%), PAIR7 (31%), and PAIR12
(51%) sequences in the PCR-amplified DNA.
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elements in pre-B cells (Figure 6A). Analysis of the same DMS-
footprinted DNA revealed, however, equal binding of Pax5 to
the promoter of its target gene Cd19 in pro-B and pre-B cells
(data not shown), thus indicating that the interaction of Pax5
with PAIRs is specifically lost in pre-B cells.
To confirm these results, we used Bio-ChIP analysis as an
independent method to investigate Pax5 binding to the PAIR
elements in Pax5Bio/Bio Rag2/ pro-B cells and sorted mature
B cells (B220+) from the lymph node of Pax5Bio/Bio mice (Fig-
ure 6B). Because of the high sequence conservation of PAIR
elements, the PAIR4 and PAIR7 primers also amplified se-
quences of other members of the corresponding PAIR subfam-
ilies (Figures S2A). However, as the sequence of each individual
PCR product uniquely identified the respective PAIR, we cloned182 Immunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc.and sequenced the PCR fragments ob-
tained by Bio-ChIP analysis to determine
the ratio of individual PAIR sequences
within thePCR-amplifiedDNA (Figure 6B).
These ChIP experiments demonstrated
that Pax5 efficiently interacted with PAIR
elements in Pax5Bio/Bio Rag2/ pro-B
cells but not in mature Pax5Bio/Bio B cells, although Pax5 binding
was detected at the promoter of its target gene Blnk (Schebesta
et al., 2002) in both cell types (Figure 6B). Sequencing of the PCR
fragments indicated that Pax5 bound more strongly to the PAIR
elements 4, 6, 7, and 12 than to the PAIR sequences 2 and 11 in
pro-B cells. Collectively, these data demonstrate that Pax5 effi-
ciently binds to PAIRs in pro-B cells, but not at later stages of B
cell development, which likely explains the transcriptional inacti-
vation of these elements at the pro-B to pre-B cell transition.
Preferential Binding of CTCF to PAIR Elements
in Early B Cell Development
The interaction of the ubiquitous transcription factor CTCF with
its genomic binding sites is known to be largely invariant among
different cell types of an organism (Cuddapah et al., 2009). We
AC
B Figure 7. Preferential Binding of CTCF
to PAIR Elements in Pro-B Cells
Short-term cultured Rag2/ pro-B cells from the
bone marrow, mature (mat) B cells (depleted of
Lin+ non-B cells) from lymph nodes and DP
T cells (CD4+CD8+) from the thymus were used
for ChIP analysis with a CTCF antibody combined
with paired-end Solexa sequencing with a read
length of 76 nucleotides. Rag2/ pro-B cells
were additionally analyzed by ChIP sequencing
with a Rad21 antibody. The genome-wide analysis
of CTCF-binding sites in the three different cell
types is presented in Figure S4, whereas the loca-
tion of the identified CTCF- and Rad21-binding
sites within the Igh locus is shown in Figure S5A.
(A) Similar pattern and intensity of the CTCF and
Rad21 peaks in the 30 regulatory region (30 RR)
among all three cell types. The similar intensity of
the CTCF peaks in the 30 RR was used for normal-
izing the ChIP-sequencing data by keeping the
same relative proportion of the scales among the
different cell types for presenting the CTCF-
binding sites in (B) and (C).
(B) Same CTCF-binding pattern in the proximal VH
gene region between the three cell types. The
intensity of the CTCF-binding sites is lower in
mature B cells, as the proximal VH gene region is
deleted on all Igh alleles that have undergone distal
or central VH gene recombination.
(C) Preferential binding of CTCF and Rad21 to
PAIR elements in pro-B cells. Orange boxes with
vertical lines indicate the position of the PAIRs
with their CTCF-binding motif.
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ing that CTCF binds to PAIRs in pro-B and pre-B cells but not in
macrophages and thymocytes (Figures 3 and 6). To investigate
the extent of B-lineage-specific binding of CTCF to its recogni-
tion sites in the Igh locus, we used ChIP-sequencing with
a CTCF antibody for genome-wide identification of CTCF-
binding sites in cultured Rag2/ pro-B cells, sorted mature B
cells from lymph nodes, and DP T cells from the thymus. To
this end, we employed paired-end Solexa sequencing with
a read length of 76 nucleotides, which allows unambiguous
assignment of sequence reads to PAIRs and other repeats of
the Igh locus (unpublished data). Genome-wide analysis of
CTCF-binding sites identified more sites in pro-B cells (48,638)
compared to mature B cells (35,026) and DP T cells (27,948),
which resulted in an overlap of 48% (pro-B), 67% (mature B),
and 83% (DP T) of the CTCF-binding sites in the respective
cell types (Figures S4A and S4B). Further analysis of the ‘‘cell
type-specific’’ CTCF-binding sites revealed the presence of
CTCF peaks of significantly lower intensity at the same position
in the other two cell types, suggesting that most of these CTCF-
binding sites are enriched but not entirely specific for a given cell
type (Figure S4C). We also mapped cohesin-binding sites in
Rag2/ pro-B cells by ChIP-sequencing with an antibody that
detects the cohesin subunit Rad21 (Scc1). We identified a large
number of cohesin-binding sites (45,848), which showed an
overlap of 81% with the CTCF-binding sites (48,638) in pro-B
cells in agreement with previous findings that cohesin andCTCF colocalize at the same genomic sites with high frequency
(Parelho et al., 2008; Wendt et al., 2008).
Mapping of CTCF binding to the Igh locus also identified more
CTCF-binding sites in pro-B cells (137) compared to mature B
cells (85) and DP T cells (66), which resulted in 48 pro-B cell-en-
riched CTCF-binding sites (Figures S4A and S4B). Importantly,
a consensus CTCF recognition motif was found at 88% of the
137 CTCF peaks, indicating that they constitute high-confidence
CTCF-binding sites of the Igh locus. Localization of the CTCF-
binding sites within the Igh locus revealed that most binding sites
in the 30 regulatory region (30 RR) and proximal VH gene cluster
were efficiently bound by CTCF in all three cell types (Figures
7A and 7B and Figure S5A). In contrast, the central and distal
regions of the VH gene cluster contained considerably more
CTCF-binding sites, which were enriched in both B cell types
or in pro-B cells only (Figure S5A). In pro-B cells, Rad21 binding
colocalized with CTCF peaks throughout the Igh locus (Figures
7A and 7B and Figure S5A). Analysis of the PAIR elements
revealed that CTCF interacted with all PAIRs in pro-B cells,
although with different efficencies (Figure 7C), which was con-
firmed for six PAIR elements by conventional ChIP analysis
(Figure S5B). The binding of Rad21 to the PAIRs paralleled the
corresponding binding pattern of CTCF in pro-B cells (Figure 7C).
Notably, the binding of CTCF to the PAIR elements was reduced
or absent in DP T cells and mature B cells (except for PAIR4). We
conclude therefore that CTCF and Rad21 preferentially interact
with PAIR elements in pro-B cells.Immunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc. 183
Immunity
Distal Regulatory Elements of the Igh LocusDISCUSSION
The complex Igh locus undergoes epigenetic regulation at
multiple levels to ensure DH-JH recombination in lymphoid
progenitors prior to the initiation of VH-DJH rearrangements in
committed pro-B cells (Perlot and Alt, 2008). DH-JH recombina-
tion is controlled by well-characterized enhancers and germline
promoters, which are located within a 0.3-Mb region at the 30
end of the Igh locus (Perlot and Alt, 2008). In contrast, regula-
tory elements other than VH gene promoters are not yet known,
which control VH-DJH recombination by mediating the correct
temporal and spatial regulation of the 2.5-Mb VH gene cluster
during pro-B cell development. Here, we have discovered
new regulatory elements in the Igh locus by ChIP-chip
mapping of active chromatin and binding sites for the tran-
scription factors Pax5 and CTCF. Importantly, our search has
identified the intergenic PAIR elements in the 50 region of the
VH gene cluster as a distinct class of regulatory elements,
which are likely involved in the control of distal VH-DJH
recombination.
Regulatory elements are typically embedded in active chro-
matin and can be identified by their chromatin signature as
active promoters (H3K9ac+ H3K4me2+ H3K4me3+) or putative
enhancers (H3K9ac+ H3K4me2+ H3K4me3) (Heintzman et al.,
2007; Schebesta et al., 2007). Our ChIP-chip mapping of active
histonemodifications inRag2/ pro-B cells identified nine inter-
genic regions with active chromatin in the central and proximal
regions of the Igh locus in addition to the previously character-
ized chromatin domain at the Em enhancer (Chakraborty et al.,
2007; Malin et al., 2010). Most of these putative regulatory
regions lack the histone modification H3K4me3, indicating that
they may not function as active promoters in pro-B cells.
Notably, Pax5 binds to eight of these regions in vivo and is
responsible for inducing active chromatin at six of these
elements, consistent with its interaction with chromatin remodel-
ing and histone acetyltransferase complexes (Barlev et al.,
2003). Some of these active chromatin regions may be involved
in the regulation of intergenic antisense transcription (Bolland
et al., 2004), the control of homologous pairing of Igh alleles (He-
witt et al., 2009), the developmentally regulated initiation of Igh
DNA replication (Norio et al., 2005), or transcriptional control
as enhancers such as the HS site 4 in the Igh 30 regulatory region
(Garrett et al., 2005; Pinaud et al., 2001).
The distal Igh region contains two distinct elements with active
chromatin. Whereas the VHJ558 genes carry little or no active
chromatin in pro-B cells, the two active histone marks
H3K4me2 and H3K9ac are abundantly present at all VH3609
genes, which are interspersed within the distal VHJ558 gene
cluster (Malin et al., 2010). Importantly, 11 of the VH3609 genes
contain in their 50 flanking region an element of the PAIR family,
which was identified by the presence of the three active histone
modifications H3K4me2, H3K4me3, and H3K9ac in pro-B cells.
The PAIR element and its associated VH3609 gene thus seem to
constitute an active chromatin unit that is interspersed within the
distal VHJ558 genes. The conserved PAIR sequence is present in
14 copies in the distal Igh region, but interestingly is not found
elsewhere in the mouse genome. Notably, the majority of the
PAIR elements contain functional binding sites for the transcrip-
tion factors Pax5, E2A, and CTCF.184 Immunity 34, 175–187, February 25, 2011 ª2011 Elsevier Inc.Detailed analysis of the PAIR elements 4, 6, and 7 revealed the
following characteristic features: All three elements are bound
in vivo by the transcription factors CTCF, E2A, and Pax5 in
committed pro-B cells and give rise to noncoding antisense tran-
scripts that initiate immediately upstream of the CTCF-binding
site in the PAIR element. Pax5 plays an essential role not only
in inducing active chromatin, but also in activating the antisense
transcription at the PAIR elements in pro-B cells. Importantly, the
antisense transcription is pro-B cell specific, because it is
already downregulated at the next developmental stage in pre-
B cells. The repression of antisense transcription correlates
with the absence of Pax5 binding at PAIRs in pre-B cells, in
whichCTCF and E2A are still bound to these elements. Together,
these data unequivocally identified the PAIRs with their promoter
chromatin signature as regulatory elements that function as
Pax5-dependent and pro-B cell-specific promoters to initiate
antisense transcription. Consistent with this conclusion, we
could demonstrate by luciferase reporter assays that the PAIR
elements can function as promoters and enhancers in trans-
fected pro-B cells. Our expression analysis furthermore revealed
that the previously described antisense transcripts at the VHJ558
genes (Bolland et al., 2004) are equally expressed in Pax5/ and
Pax5+/+ pro-B cells and originate from the proximal VHJ558 gene
region. Hence, these transcripts differ from the antisense tran-
scripts originating from the PAIR elements both in their location
and Pax5 dependency.
The generation of a diverse antibody repertoire critically
depends on the participation of the large distal VHJ558 gene
family in VH-DJH recombination, which is mediated by contrac-
tion of the Igh locus in pro-B cells (Fuxa et al., 2004; Jhunjhun-
wala et al., 2008; Kosak et al., 2002; Rolda´n et al., 2005; Sayegh
et al., 2005). Although factors such as the transcriptional regula-
tors Pax5 and YY1 are known to be essential for Igh locus
contraction and thus for distal VH-DJH recombination (Nutt
et al., 1997; Fuxa et al., 2004; Liu et al., 2007), regulatory
elements involved in this process are so far unknown, but are
expected to be interspersed within the large VHJ558 gene family
in the distal region of the Igh locus. The PAIR elements are
present in the distal VHJ558 gene region, contain a consensus
Pax5-binding site, depend on Pax5 for the induction of active
chromatin and transcriptional activity in pro-B cells, and are
already inactivated at the next developmental stage in pre-B
cells. Similarly, locus contraction by looping of VH genes is not
only Pax5 dependent (Fuxa et al., 2004), but also occurs only
in pro-B cells, because the incompletely DHJH-rearranged Igh
allele has already undergone decontraction in pre-B cells
(Rolda´n et al., 2005). Hence, the pro-B cell-specific and Pax5-
dependent activity of the PAIR elements strongly correlates
with the contraction state of the Igh locus. We therefore hypoth-
esize that the PAIR elements may mediate the looping of distal
VH genes in pro-B cells. However, a genetic proof of this hypoth-
esis is not easy because the 14 PAIR elements are likely to have
redundant functions and the distal region of the Igh locus is full of
repeats interfering with gene targeting.
Previous reports have described different molecular mecha-
nisms to explain the essential role of Pax5 in regulating VH-DJH
recombination at the Igh locus. Zhang et al. (2006) used in vitro
binding assays to identify multiple Pax5 recognition sequences
of medium or low binding affinity in the coding regions of VH
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RAG1-RAG2 complex to enhance RAG-mediated RSS cleavage
of VH gene substrates in vitro, it was postulated that Pax5 acti-
vates VH-DJH rearrangements by recruitment of the RAG
complex to VH genes (Zhang et al., 2006). In our antibody- and
Bio-ChIP-chip analyses, we could, however, not detect in vivo
binding of Pax5 to VH genes other than the few VH3609 genes,
indicating that Pax5 is unlikely to recruit RAG proteins to the
majority of VH genes in the absence of Pax5-binding sites. More-
over, Xu et al. (2008) described a role for Pax5 in the localized
generation of the repressive H3K27me3modification at proximal
VH genes, whereas distal VH genes were shown to contain the
histone marks H3K36me2 and H3K36me3 that are normally
associated with actively transcribed regions. The Pax5-depen-
dent establishment of a differential epigenetic profile at proximal
and distal VH genes was thought to promote distal VH-DJH
recombination by redirecting the recombination machinery
from proximal to distal VH genes (Xu et al., 2008). However, our
own ChIP-chip experiments, which were performed with short-
term cultured Rag2/ pro-B cells compared to the ex vivo-
sorted Rag1/ pro-B cell analyzed by Xu et al. (2008), failed
to confirm this hypothesis because we could not detect
H3K27me3 or H3K36me3 modifications above background
along the entire VH gene cluster (Figure S6). Instead, our study
supports a model whereby Pax5 regulates VH-DJH recombina-
tion by activating the PAIR elements in the distal VH gene cluster.
Binding sites for the ubiquitous transcription factor CTCF are
highly enriched in antigen receptor loci including the Igh locus
(Degner et al., 2009). The zinc finger protein CTCF has been
implicated in the control of long-range chromatin looping at
complex gene loci including the Igf2/H19, b-globin, MHC class
II. and Ifng genes (Hadjur et al., 2009; Kurukuti et al., 2006; Ma-
jumder et al., 2008; Sekimata et al., 2009; Splinter et al., 2006).
To investigate a possible role of CTCF in Igh looping during
pro-B cell development, we conditionally inactivated CTCF in
Ctcffl/fl mice (Heath et al., 2008) carrying the Rag1Cre allele,
which initiates Cre-mediated deletion in lymphoid progenitors
and leads to complete deletion in pro-B cells (Malin et al.,
2010). Unfortunately, however, pro-B cells were largely lost in
Rag1Cre/+ Ctcf fl/fl mice, which indicated an essential role for
CTCF in pro-B cell development, but precluded an analysis of
its function in Igh looping (unpublished data). Despite the
absence of functional data, several lines of evidence suggest
a role for CTCF in the control of Igh locus contraction. First,
CTCF binds to the PAIR elements in pro-B cells. Second, the
interaction of CTCF with these elements is reduced or absent
in DP thymocytes and mature B cells, indicating that CTCF
preferentially binds to PAIRs in early B cell development. Third,
cohesin also associates with PAIR elements in agreement with
its role in mediating CTCF-dependent chromatin looping (Hadjur
et al., 2009; Nativio et al., 2009). Importantly, CTCF and E2A
already bind to the PAIR elements in Pax5/ pro-B cells prior
to Igh locus contraction, demonstrating that these two factors
are not sufficient for inducing VH gene looping. Interestingly,
the developmentally controlled long-distance interactions at
both the MHC class II and Ifng loci depend on the formation of
a CTCF-containing multiprotein complex that includes the coac-
tivator CIITA (MHC class II) (Majumder et al., 2008) or the Th1
cell-specific regulator T-bet (Ifng) (Sekimata et al., 2009), respec-tively. In analogy, we postulate that the B-lineage commitment
factor Pax5may orchestrate the formation of a bridging complex
that mediates the long-range interaction of PAIR elements in
the distal VH gene cluster with CTCF-binding sites in the proximal
VH gene region. The identification of such a bridging complex
and functional characterization of the PAIR elements will be
interesting challenges for future experimentation.
EXPERIMENTAL PROCEDURES
Detailed methods can be found in the Supplemental Information available
online. All animal experiments were carried out according to valid project
licenses, which were approved and regularly controlled by the Austrian Veter-
inary Authorities.
Pro-B Cell Culture
Pro-B cells were cultured on OP9 cells in IL-7-containing IMDM medium for
4–5 days as described (Nutt et al., 1997).
In Vivo Footprint Analysis
The in vivo DMS footprinting and ligation-mediated PCR (LM-PCR) experi-
ments were performed as described (Tagoh et al., 2006) with the oligonucleo-
tides listed in Table S1.
Electrophoretic Mobility Shift Assays
Nuclear extracts of pro-B or pre-B cells were analyzed by EMSA with the
oligonucleotide probes shown in Table S2, as described (Czerny and
Busslinger, 1995).
Transient Transfection Assays
The luciferase reporter genes were generated by insertion of PAIR4 or PAIR7
sequences (Figure S2A) into the vectors Luc-S (Czerny and Busslinger, 1995)
or XPG (Bert et al., 2000), respectively. The pro-B cell line 38B9 was used for
transient transfection assays as described (Czerny and Busslinger, 1995).
Antibodies
The following antibodies were used: CTCF (07-729) fromMillipore; Rad21 (ab-
992) and H3K36me3 (9050-100) from Abcam; H3K4me2 (07-030), H3K4me3
(07-473), and H3K9ac (07-352) from Upstate Biotechnology; and H3K27me3
from T. Jenuwein (MPI Freiburg).
Chromatin Immunoprecipitation
Short-term cultured pro-B cells, sorted mature B cells, and DP T cells were
used for ChIP analyses with the respective antibodies or with streptavidin
beads as described (Schebesta et al., 2007).
ChIP-Chip Analysis
Genomic DNA prepared from chromatin-precipitated material was amplified
and sent to NimbleGen Systems for probe preparation and hybridization to a
50-mer oligonucleotidemicroarray containing the Igh locus at 100bp resolution.
ChIP Sequencing
ChIP-precipitated DNA (5 ng) was used for generating paired-end
sequencing libraries of DNA fragments with a size of 500–700 base pairs prior
to sequencing on an Illumina/Solexa Genome Analyzer IIx.
ACCESSION NUMBERS
The ChIP-chip and ChIP-seq data are available in the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/gds) under the acces-
sion number GSE27215.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and four tables and can be found with this article online at
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